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ABSTRACT
During embryogenesis, organisms acquire their shape given
boundary conditions that impose geometrical, mechanical and
biochemical constraints. A detailed integrative understanding how
these morphogenetic information modules pattern and shape the
mammalian embryo is still lacking, mostly owing to the inaccessibility
of the embryo in vivo for direct observation and manipulation. These
impediments are circumvented by the developmental engineering
of embryo-like structures (stembryos) from pluripotent stem cells
that are easy to access, track, manipulate and scale. Here, we
explain how unlocking distinct levels of embryo-like architecture
through controlled modulations of the cellular environment
enables the identification of minimal sets of mechanical and
biochemical inputs necessary to pattern and shape the mammalian
embryo. We detail how this can be complemented with precise
measurements and manipulations of tissue biochemistry, mechanics
and geometry across spatial and temporal scales to provide insights
into the mechanochemical feedback loops governing embryo
morphogenesis. Finally, we discuss how, even in the absence of
active manipulations, stembryos display intrinsic phenotypic
variability that can be leveraged to define the constraints that
ensure reproducible morphogenesis in vivo.
KEY WORDS: Morphogenesis, Mechanobiology, Self-organisation,
Embryogenesis, Organoids, Somitogenesis, Neural tube, Stemcells,
Gastruloids, Stembryogenesis
Introduction
Embryogenesis encompasses a complex choreography of lineage
decisions and morphogenetic events that need to be tightly
coordinated in space and time to give rise to a fully formed foetus.
The establishment of embryonic architecture relies on programmed
induction and self-organised propagation, with organisms acquiring
their shape given boundary conditions that impose geometrical,
mechanical and biochemical constraints (Collinet and Lecuit, 2021).
Form, forces and fate are dynamically coupled in space and time;
mechanically and biochemically induced changes in geometry can
feedback into cell fate decisions, thereby (re)shaping transcriptional,
signalling and mechanical landscapes as the embryo is (re)sculpted
(Busby and Steventon, 2021; Chan et al., 2017; Gilmour et al., 2017;
Hannezo and Heisenberg, 2019; Liu and Warmflash, 2021; Sonnen
and Aulehla, 2014). Such cross-talk between the local (cell) and
global (tissue) scales can have dramatic effects on patterning and
global shape.
Dissecting such feedback driving tissue morphogenesis [from the
Greek morphi (shape) and gennisi (emergence)]; the processes that
generate tissue organisation and shape) is non-trivial. This is
particularly true for mammalian embryos owing to the limited
accessibility of the post-implantation embryo in vivo, the inherently
complex microenvironment, small sample sizes and, in case of
human embryos, ethical limitations (Pera, 2017; Shahbazi and
Zernicka-Goetz, 2018; Shahbazi et al., 2019). These impediments
can be circumvented by constructing embryo-like structures with
pluripotent stem cells (PSCs) in vitro (reviewed by Baillie-Benson
et al., 2020; Ghimire et al., 2021; Shahbazi et al., 2019; Veenvliet
and Herrmann, 2021) (Table 1). Several umbrella terms have been
suggested for the resulting structures, but consensus has not been
reached (Matthews et al., 2021). Here, we refer to the structures as
stembryos and the research field as stembryogenesis (Box 1). In
contrast to their in vivo counterpart, stembryos are easy to access,
track, manipulate and scale. The physical, genetic and optical
accessibility and statistical power of stembryos facilitates systematic
testing of the mechanical and biochemical cues typically thought to
be active within their in vivo counterpart, and identification of the
minimal set of inputs necessary to pattern and shape an embryo.
In this Review, we detail how combining stembryogenesis
with state-of-the-art imaging, genomics, bioengineering devices,
biophysical techniques and theoretical modelling can provide
an integrative understanding of how the mammalian embryo is
reproducibly and correctly sculpted. We focus on stembryos of the
gastruloid ‘family’ and their ‘progeny’, which recapitulate the post-
implantation stages of embryo development; these are the most
challenging to probe in vivo because the growth of implanted
embryos in utero precludes direct observation and manipulation and
growth ex utero is technically challenging. After a brief description
of these models, we first discuss how embryo-like patterning could
be achieved. We then explain how modulations of the cellular
environment – possibly in balance with cell-intrinsic factors –
have resulted in stembryos with distinct levels of embryo-like
morphological complexity. We argue that this modularity,
combined with the ability to modulate biochemistry, mechanics
and geometry actively and precisely at local and global scales,
positions stembryos as a unique experimental platform from which
to explore and dissect the feedback loops at the heart of embryo
morphogenesis. We discuss the experimental and theoretical
frameworks necessary to first produce catalogues of fates, forces
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Table 1. Overview of models of embryo development of the gastruloid ‘family’
Species Key references PSC culture conditions Aggregation and stembryo culture conditions
Mouse Embryoid bodies (EBs)
(Doetschman et al., 1985; Leahy
et al., 1999; Ten Berge et al., 2008;
Marikawa et al., 2009; Sagy et al.,
2019)
Most commonly maintained in standard serum
(FBS) conditions with FBS+LIF±MEFs
A variety of techniques can generate EBs, but most
typically:
• Gravity-induced hanging drop suspension
culture;
• Liquid suspension in non-coated dishes
(bacterial grade);
• Matrix embedding (e.g. Matrigel);
• Range of cell numbers (∼102-106) for formation.
Gastruloids (conventional)
(van den Brink et al., 2014; Turner
et al., 2016, 2017; Beccari et al.,
2018)
FBS+LIF • ∼300 cells plated for aggregation;
• U-bottomed 96-well plates (untreated);
• N2B27, CHIR pulse between 48 and 72 h;
• Culture up to 120 h; can be extended to 168 h in
24-well culture; plates in N2B27 at 120 h and
horizontally shaken.
Conventional+10% Matrigel
(van den Brink et al., 2020)
FBS+LIF • ∼300 cells aggregated; 96 h of conventional
gastruloid protocol;
• U-bottomed 96-well plates (untreated);
• N2B27, CHIR pulse between 48 and 72 h;
• 10% Matrigel from 96 to 120 h.
Trunk-like structures (TLSs)
(Veenvliet et al., 2020)
FBS+LIF+MEFs; MEF depletion prior to
aggregation
• ∼200 cells aggregated; 96 h of conventional
gastruloid protocol;
• Ultra-low attachment U-bottom plates;
• CHIR pulse between 48 h and 72 h;
• 5% Matrigel from 96 h to 120 h;
• Addition of CHIR±LDN from ∼96 h to 120 h
results in overproduction of somites at the
expense of neural tube formation.
Neuruloids
(Bérenger-Currias et al., 2020
preprint)
FBS+LIF • 200 cells plated (1:3 ratio of XENs to ESCs);
• Low-adhesion U-bottomed 96-well plates;
• CHIR pulse between 48 and 72 h; culture to 96 h;
• 96-168 h in cerebral organoid differentiation
medium, extended culture with shaking culture
up to 192 h.
Epi-gastruloids
(Girgin et al., 2021a,b)
FBS+LIF+2i • 24-well plates containing PEG microwells;
• 100-150 cells per microwell; EPI differentiation
medium±XAV939 (WNT inhibitor);
• Manually selected gastruloids transferred to low-
adhesion U-bottom plates at ∼80 h; culture to
168 h.
EpiTS embryoids
(Girgin et al., 2021b)
ESCs: FBS+LIF+2i TSCs: RPMI+FBS. TSC
medium conditioned on inactivated MEFs;
used 3:1 conditioned medium to fresh
medium; supplemented with serum, heparin
and FGF2
• 24-well plates containing PEG microwells;
• 100-150 cells per microwell; separate formation
of Epi- and TS-aggregates prior to fusion
(differentiation medium containing activin
A+FGF+KSR+3% growth factor-reduced
Matrigel for Epi, and FGF+heparin+2% growth-
factor reduced Matrigel for TS);
• Manual selection and transfer of individual Epi-
and TSC-aggregates at ∼72 h into low-adhesion
U-bottom plates for fusion into EpiTS embryoids;
culture until 168 h.
Cardiac gastruloids
(Rossi et al., 2021)
FBS+LIF+2i • 200-700 cells plated for aggregation in ultra-low
attachment plates;
• CHIR pulse at 48-72 h;
• Transfer at 96 h to ultra-low attachment 24-well
plates in N2B27+bFGF, ascorbic acid,
VEGF165; horizontally shaken until 168 h.
Embryoids
(Xu et al., 2021)
SR+LIF+2i • Hanging drop; 50 or 100 cells aggregated in
SR+LIF; after 24 h, hanging drop culture
continued in N2B27;
• Smaller aggregate (from 50 cells) exposed to
BMP4 at 64 h for 8 h and merged with larger
aggregate in ultra-lowU-bottomed 96-well plates;
continued culture to 192 h.
Continued
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and flows and thenmove from correlation to causation by perturbing
and controlling this playing field at all of its levels. Finally, we
discuss how stembryogenesis permits us to generate a wide variety
of tissue organisations and shapes, some of which are not possible in
the constrained environment of the embryo. We detail how this
effective increase of the accessible phenotypes in morphospace
could be leveraged to explore the morphogenetic potential of PSCs
and define the physical and genetic constraints that limit this
potential in vivo.
Gastruloids: bringing order into embryoid bodies
From embryoid bodies to gastruloids
Early 3D models of embryo development, termed embryoid bodies
(EBs), were formed by aggregation of PSCs (Doetschman et al.,
1985; Itskovitz-Eldor et al., 2000; Sánchez et al., 1991). These
free-floating embryonic stem cell (ESC) aggregates can differentiate
into (derivatives of) the different germ layers, occasionally
accompanied by symmetry breaking and the development of an
antero-posterior (AP) axis (Boxman et al., 2016; Leahy et al., 1999;
Sagy et al., 2019; Ten Berge et al., 2008). However, reproducible
induction of such embryo-like events required a further
advancement of the EB protocol, resulting in the establishment of
gastruloids (van den Brink et al., 2014). Gastruloids trace their
origin back to a study in which ensembles of small numbers of
P19 embryonic carcinoma cells displayed axial elongation and
polarised gene expression (Marikawa et al., 2009). They are
formed from similar-sized ESC aggregates and consistent induction
of the hallmarks of post-implantation development is ensured by a
short pulse (24 h) of the GSK3β inhibitor CHIR99021 (hereafter
CHIR; mimicking the downstream consequences of constitutively
active WNT signalling) after 48 h of culture (Turner et al., 2017;
van den Brink et al., 2014) (Table 1). Gastruloids reproducibly
exhibit remarkable self-organising properties, culminating in the
formation of the three germ layer derivatives, the establishment
of three orthogonal body axes and embryo-like Hox gene
collinearity (Beccari et al., 2018; Turner et al., 2017; van den
Brink et al., 2014).
Modifications of the mouse gastruloid protocol have permitted
the formation of human gastruloids from hESCs, which display
axial elongation and generate an AP axis in the absence of extra-
embryonic tissues (Moris et al., 2020). Moreover, two separate
groups directed their efforts to understanding the development of
the nervous system through gastruloid-like approaches. First,
combined forced aggregation and rotary suspension culture
produces caudalised human organoids recapitulating many of the
characteristics of human neural tube development (Libby et al.,
2021). Second, by using a shaking culture protocol, elongating
multi-lineage-organised gastruloids have been generated, which
developed structures with trunk identity, including integrated
central and peripheral nervous system correlates (Olmsted and
Paluh, 2021) (Table 1).
How do gastruloids self-organise expression domains?
As highlighted in the last section, both gastruloids and EBs display
remarkable self-organisation resulting in spatially confined gene
expression patterns. Particularly for the mesodermal marker
brachyury (T), both systems converge on a similar pattern despite
differences in boundary conditions. For example, in the case of EBs,
T expression starts as a polarised pattern in the absence of
exogenous WNT activation (through a CHIR pulse). Surface
contact biases the location of this T pole in EBs (Sagy et al.,
2019). In contrast, in gastruloids (no serum, CHIR pulse), T
expression is initiated almost uniformly, and later polarises (Anlas
et al., 2021 preprint; Turner et al., 2017).
The resulting T pattern in the two systems is similar, despite
arriving through different developmental trajectories, demonstrating
Table 1. Continued
Species Key references PSC culture conditions Aggregation and stembryo culture conditions
Human HESCAs
(Marikawa et al., 2020)
mTeSR, feeder-free • Dissociated cells (1000) plated in ultra-low
U-bottomed 96-well plates; aggregation
facilitated by centrifugation;
• Medium contains CHIR±SB431542±RA;
5 days culture.
Gastruloids
(Moris et al., 2020)
Nutristem; transferred to Nutristem+CHIR 24 h
pre-aggregation
• 400-600 cells plated in E6 medium; aggregation
facilitated through centrifugation;
• CHIR pulse+ROCKi from 0-24 h;
• Culture up to 96 h.
EMLO gastruloids
(Olmsted and Paluh, 2021)
mTeSR Plus; 48 h pre-aggregation treatment in
N2B27+CHIR+bFGF/FGF2
• 2×106 cells plated in anti-adherence-coated 6-
well plate in N2B27+FGF2, IGF1, HGF, ROCKi;
4 days shaking culture;
• Transferred to anti-adherence-coated 10-cm2
dish in N2B27 for <34 days with medium
replacement every few days.
Caudalised human organoids
(Libby et al., 2021)
mTeSRTM-1 in growth-factor reduced Matrigel;
48 h pre-aggregation, mTeSRTM-1
medium+ROCKi and CHIR
• Forced aggregation in PDMS shaped as inverted
pyramidal arrays with CHIR and dual SMAD
inhibition;
• 10 day rotary suspension culture.
2i, 2 inhibitors (CHIR99021+PD0325091); bFGF, basic fibroblast growth factor; BMP4, bone morphogenetic protein 4; CHIR, CHIR99021; Epi, epiblast stem
cells; EpiTS, hybrid epiblast/trophoblast stem cell embryoids; EMLO, elongating multi-lineage organised gastruloids; ESCs, embryonic stem cells; FBS, fetal
bovine serum; FGF2, fibroblast growth factor 2; HESCAs, human embryonic stem cell aggregates; HGF, hepatocyte growth factor; IGF1, insulin growth factor 1;
KSR, knockout serum replacement; LDN, LDN-193189; LIF, leukemia inhibitory factor; MEFs,mouse embryonic fibroblasts (feeder); PDMS, polydimethylsiloxan,
PEG, polyethylene glycol; PSC, pluripotent stem cells; RA, retinoic acid; ROCKi, Rho kinase inhibitor; SR, serum replacement; TSCs, trophoblast stem cells;
VEGF, vascular endothelial growth factor; XENs, extra-embryonic endodermal stem cells.
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the self-organising properties of these systems. This raises the
possibility that under distinct mechanochemical conditions, the
system uses different mechanisms to converge on a similar pattern.
For example, in EBs a local increase near surfaces in the effective
concentration of WNT ligand emitted from the cells, as a result of
limited diffusion, could jumpstart the WNT-T positive feedback-
based loop. In cases in which a pole emerges from an initial
ubiquitous T expression pattern (triggered by the CHIR pulse), both
reaction-diffusion models (Turing, 1952), as well as wave-pinning
models (Ishihara and Tanaka, 2018; Jilkine et al., 2007; Mori et al.,
2008) represent attractive possibilities to explain the observed
symmetry breaking. These models can describe how fluctuations in
cell states in the starting (homogeneous) cell population can lead to
the establishment of a pattern within the cell ensemble (Schauer and
Heisenberg, 2021).
Another class of mechanisms for spatial segregation of germ
layers following spontaneous differentiation (manifested in
localised expression domains of corresponding gene markers), is
an unmixing mechanism based on differences in surface properties
of cells (Foty and Steinberg, 2005; Steinberg, 1970). Thus, it
has been proposed that regulated cell adhesion is a driving force
for morphogenesis during gastrulation (Hammerschmidt and
Wedlich, 2008) and germ layer segregation (Klopper et al., 2010;
Krieg et al., 2008; Townes and Holtfreter, 1955). Recent work has
demonstrated that such behaviour is conserved in dissociation-
reaggregation experiments on hESC-derived 2D gastruloids,
micropatterned cultures in which differentiated cells are organised
into concentric rings representing the germ layers (Minn et al.,
2020). Furthermore, in the case of endoderm formation, islands of
E-cadherin (cadherin 1)-expressing cells polarise toward the
aggregate tip (gastruloids) or self-sort into clusters or lumens
(EBs) through a sorting process (Hashmi et al., 2020 preprint; Pour
et al., 2019 preprint). These in vitro behaviours capture aspects of
embryonic endoderm progression, and its segregation from
mesodermal populations.
Deciphering the relative contributions of biochemical and
physical mechanisms requires careful measurements, rigorous
scrutinisation of underlying assumptions, and appreciation of the
differences between in vitro and in vivo settings. For instance, an
unmixing mechanism assumes a fixed cellular identity and ignores
possible cross-talk between tissue mechanics and signalling.
Furthermore, it has been shown in Xenopus that whereas
cadherin-based adhesion differences promote cell sorting in vitro,
dosage compensation of cadherin protein at cell contacts in vivo
makes differential adhesion insufficient to drive morphogenesis in
the embryo (Ninomiya et al., 2012). Other relevant parameters to
consider are proliferation and cell shape changes that accompany
mammalian gastrulation (Wolpert et al., 1998; Solnica-Krezel and
Sepich, 2012): these factors impinge on the spatial pattern and affect
local mechanical properties, as seen in the case of mitotic cell-
rounding-mediated tissue fluidisation during zebrafish gastrulation,
for instance (Petridou et al., 2019).
Size matters?
A crucial difference between gastruloids and previous EB work
(e.g. Ten Berge et al., 2008), was the number of cells used, with
lower amounts (200-300 cells) used per aggregate than traditional
EB culture (Fig. 1A). This number is similar to the number of
epiblast cells (150-300) in the embryonic day 5.5 mouse embryo
(Davidson et al., 2015; Muñoz-Descalzo et al., 2015). This
permitted the signalling conditions required for robust symmetry
breaking, polarised gene expression (specifically of posterior
markers such as T and Wnt), and subsequent axial elongation
(Marikawa et al., 2009; van den Brink et al., 2014). Nonetheless,
recent work suggests that, at least within certain limits (50-1000
cells), T expression is not regulated by size-dependent signal
gradients (Boxman et al., 2016; Anlas ̧ et al., 2021 preprint). In
contrast, EB size is an important parameter in governing the
endothelial versus cardiac lineage decision via differential
expression of non-canonical WNT pathway members (Hwang
et al., 2009). Similarly, de novo pattern formation due to cadherin-
mediated cell sorting is size dependent: only smaller aggregates
(1000 cells, similar order of magnitude as gastruloids) obtain two-
domain patterns, whereas larger aggregates (10,000 cells) result in
complex patched patterns (Cachat et al., 2016; Davies, 2017). Thus,
their modulatory nature renders stembryos useful for studying how
system size impacts self-organising mechanisms, for defining the
lower and upper boundaries allowing pattern formation, and for
understanding how these might be distinct for different cell and
tissue types.
In summary, the spatial segregation of germ layers in stembryos
can be achieved through multiple mechanisms, which might
be system specific. Careful dissection of the biophysical and
biochemical inputs guiding this segregation, as well as the system’s
scaling capacities, will shed light on the processes that dictate the
emergence of organised gene expression domains in vitro, and
provide entry points for assessing the relevant parameters in vivo.
Changing the cellular environment coaxes stembryos
into shape
Although gastruloids mimic the post-occipital axial development
of the post-implantation mouse embryo, both temporally and
spatially, initial structures lacked typical aspects of embryo
architecture. For instance, in conventional gastruloids, cardiac
Box 1. Stembryogenesis
We propose ‘stembryo’ (a portmanteau of ‘stem’ cells and ‘embryo’)
as an umbrella term for in vitro models of embryo development, and
refer to the process by which they form as ‘stembryogenesis’. Although
we acknowledge that naming should be a community effort, we believe
there are good arguments to adopt stembryogenesis as a common
denominator. First, by putting ‘stem’ up front it could shift the focus
from the embryo to the stem cells, thereby better positioning it as a
model system on its own; complementary to, but not replacing the
embryo (in contrast to the popular term ‘embryonic organoid’ or
‘embryoid’). Second, it clarifies that it is a new field with its own
advantages (and disadvantages), which is not about copying embryos,
but merely utilises developmental engineering to gain insights that are
difficult or impossible to achieve using traditional embryo research
(e.g. the disconnect between genetic programmes and embryo
morphogenesis). Third, the term can be extrapolated to research fields
(e.g. ‘experimental stembryology’) clarifying the distinction between in
vivo and in vitro research. The latter argument is particularly important
because, as the field continues to evolve, we may discover that not all
molecular, cellular and morphogenetic processes in stembryos are
similar to the embryo, even though the final morphological outcome is
embryo-like. We could, for example, be confronted with cases of
convergent morphogenesis (reaching the same result through different
routes). Alternatively, cells might adapt to the constraints they are facing,
which may not necessarily reflect the in vivo situation, and/or hijack
developmental programmes (e.g. establishment of the germ layers and
body plan without in vivo-like gastrulation movements). As the field
evolves, we will need a term to clearly distinguish synthetic approaches
from in vivo counterparts while still making clear that the embryo and its
models are linked.
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a Gastruloids with heart tube      b Trunk-like structures                   c Human gastruloids
Gut-like tube
Fig. 1. See next page for legend.
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mesoderm does not form a heart tube (Rossi et al., 2021), pre-
somitic mesoderm does not condense into somites (Beccari et al.,
2018), and neural cells do not organise into a neural tube (Beccari
et al., 2018). This apparent uncoupling of genetic programmes
and tissue morphogenesis suggests that crucial inputs driving
embryo architecture are missing in conventional gastruloids.
Indeed, recent work has demonstrated how the morphogenetic
potential of gastruloids is unlocked by changing the gastruloid
formation conditions, in particular the cellular environment
(Table 1; Fig. 1A,B).
Chemical modulation
Multiple aspects of embryo-like architecture in stembryos have been
achieved by altering the culture medium. Anterior neural tissues,
absent in conventional gastruloids, can be formed through WNT
inhibition during early gastruloid development (Girgin et al.,
2021a). It should be noted that WNT inhibition is not the only
aspect that distinguishes the generation of these ‘epi-gastruloids’
from conventional gastruloids: aggregates are formed under
different media conditions (activin A, FGF2, KSR) in hydrogel
microwell arrays (Girgin et al., 2021a). The same group
demonstrated how addition of cardiogenic factors resulted in the
formation of a heart tube. This morphogenetic event occurs in the
context of physiological multi-tissue interactions, in particular
the association between the cardiac crescent and a putative primitive
gut-like tube (Rossi et al., 2021). The formation of the primitive
gut-like tube itself appears to be a self-organising process in
both mouse and human stembryos (Hashmi et al., 2020 preprint;
Vianello and Lutolf, 2020 preprint; Olmsted and Paluh, 2021).
Interestingly, the efficiency of formation of a heart tube and gut-
like structure might depend on the interplay between cell-
intrinsic and -extrinsic factors (discussed in more detail below;
Fig. 1Ca).
Co-culture approaches
Co-assembly of distinct stem cell types or differentially treated ESC
aggregates can also increase the cellular and/or morphological
complexity of stembryos. Fusing naive ESC aggregates with a
slightly smaller BMP4-treated ESC aggregate functioning as a
morphogen signalling centre resulted in gastruloid-like stembryos
including a notochord and cephalic structures (both absent in
conventional gastruloids; Xu et al., 2021). Co-assembly of ESCs
with extra-embryonic endoderm stem cells induces the formation of
anterior neural tube-like structures that can further differentiate into
cerebral cortex-like tissue when cultured in appropriate media
(Bérenger-Currias et al., 2020 preprint). Notably, other co-assembly
approaches have included trophoblast stem cells (blastoids: Rivron
et al., 2018; ETS/ETX/iETX stembryos: Harrison et al., 2017;
Sozen et al., 2018; Amadei et al., 2021). Interestingly, these models
do more reliably mimic the architecture of the pre- and peri-
implantation embryo, but (at present) cannot further develop into
the later developmental stages modelled by gastruloids. This might
be due to constrained development in the co-culture setting, which
is absent in the culture of stembryos of the gastruloid ‘family’
(Anlas and Trivedi, 2021).
Providing extracellular matrix components
Complex embryo-like architecture can be achieved by adding
Matrigel, an extracellular matrix (ECM) of natural origin with
basement-membrane proteins laminin, collagen IV, entactin and the
heparin sulphate proteoglycan perlecan as major constituents
(Aisenbrey and Murphy, 2020). In vivo, the ECM provides
biochemical and mechanical cues that regulate the morphological
properties of cells and tissues (reviewed by Walma and Yamada,
2020). In vitro, Matrigel can substitute for the ECM inputs normally
present in the tissue’s natural environment, resulting in complex
morphogenesis in organoids (Fig. 1A,B) (Brassard and Lutolf, 2019;
Eiraku et al., 2011; Kleinman and Martin, 2005; Meinhardt et al.,
2014). In gastruloids, precisely timed addition of 5% Matrigel to the
culture medium induces embryo-like architecture with somite-like
structures that form as epithelial spheres comprising apico-basal
polarised cells, juxtaposed to a neural tube-like structure. These have
been termed trunk-like-structures (TLSs) for their resemblance to the
embryonic trunk (Fig. 1Cb) (Veenvliet et al., 2020). Parallel
independent work has demonstrated that adding 10% Matrigel to
the culture medium transforms the organised spatial expression
domains of gastruloids into a single band of somite-like structures
organised as a series of discs along the AP axis (van den Brink et al.,
2020). The distinct architectures achieved in both culture systems
could be indicative of a ‘sweet spot’ for the mechanochemical
constraints imposed by Matrigel addition, which is further supported
by titration experiments that demonstrate reduced efficiency of somite
formation if theMatrigel percentage is increased (van den Brink et al.,
2020). Additional evidence for the importance of precise tuning of
the mechanochemical properties of the matrix comes from recent
work demonstrating that compliant substrates promotes the self-
organisation of human ESCs into gastrulation-like nodes with cellular
behaviours highly reminiscent of in vivo gastrulation (Muncie et al.,
2020). However, a (dominant) role for other cell-intrinsic and
-extrinsic determinants in dictating the distinct architectures should
not be excluded.
Cell-intrinsic and -extrinsic determinants orchestrate cellular and
morphological complexity
Although our knowledge of stembryo formation is limited, current
evidence points to a close association of cell-intrinsic and -extrinsic
Fig. 1. Cell-intrinsic and -extrinsic determinants pattern and shape the
stembryo. Pluripotent stem cells (PSCs) can be coaxed to form embryonic
organoids with distinct levels of morphogenetic complexity, which we term
stembryos. (A,B) The cellular complexity, patterning and shape of the stembryo
at the culture endpoint (outcome), as well as the route (timing, mode) towards
this outcome (process) (B) is the result of a complex interplay of cell-intrinsic
and -extrinsic determinants that can be genetic (e.g. PSC genetic
background), biochemical (e.g. pluripotent culture conditions, stembryo culture
medium and conditions, endogenous secreted and exogenous added signals,
ECM composition), mechanical (e.g. ECM stiffness, material properties) and
geometrical (e.g. aggregate size, exogenous shape constraints) in nature (A).
The grey bars depict the (timing of) modulations experimentally proven to
impact culture outcome in mouse and human stembryo systems. Evidence
available in the literature for mouse and human, as indicated. (C) Cell-intrinsic
and -extrinsic determinants interact. For instance, in cardiac gastruloids (Ca),
the induction of heart tube from cardiac tissue (yellow) through addition of
cardiogenic factors (chemical modulation) happens in the context of
physiological interactions with the gut-like tube (blue) (Rossi et al., 2021).
Because the propensity to induce both gut and cardiac cell states in gastruloids
is linked to mESC genetic background (e.g. van den Brink et al., 2020), it is
conceivable that genetic and biochemical inputs interact in the sculpting of the
heart tube. The induction of trunk-like-structures (Cb) requires the interaction of
chemical (activation of WNT signalling through CHIR pulse), as well as
mechanochemical [addition of ECM components (Matrigel)] constraints
(Veenvliet et al., 2020). Finally, in human gastruloid formation (Cc), distinct
hESC lines require different levels of WNT activation (through CHIR), both pre-
aggregation and post-aggregation, pointing to an interdependence of cell-
intrinsic genetic and extrinsic chemical determinants (Moris et al., 2020). Note
that for all examples shown, geometrical constraints, in the form of controlled
aggregate size, are also necessary. Endo, endoderm; Meso, mesoderm;
Neuro, neuro-ectoderm. Mouse and human embryo schematics from
BioRender.
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determinants in orchestrating stembryo morphogenesis. The TLS
protocol not only uses a different percentage of Matrigel, but also
genetically different ESCs cultured under distinct pluripotency
conditions (van den Brink et al., 2020; Veenvliet et al., 2020;
Table 1). A further example for cell-intrinsic determinants is the
formation of gut primordia in stembryos, which is likely correlated
with the ESC genetic background (discussed by Veenvliet and
Herrmann, 2021). Although for stembryos this evidence is
anecdotal, observations from 2D directed differentiation assays
support the idea of the ESC genetic background as a driver of
distinct differentiation capacities under identical culture conditions
(Ortmann et al., 2020). This phenotypic variability can be explained
partially by inconsistent activity of extracellular signalling, such as
the WNT pathway. Interestingly, different human ESC lines require
treatment with distinct concentrations of CHIR for efficient human
gastruloid formation, both pre- and post-aggregation (Moris et al.,
2020), suggesting that modulation of WNT signalling partially
cancels out the effects of the PSC genetic background (Fig. 1Cc).
Further evidence for interaction of cell-intrinsic and -extrinsic
determinants comes from recent work showing that treatment of
gastruloids with FGF2 during ESC aggregation results in robust
induction of FOXA2+ tubular structures, reminiscent of gut tubes
(Gharibi et al., 2020 preprint). Similarly, culturing of gastruloids
under hypoxic conditions vastly increased the efficiency of gut-
tube-like structure formation (López-Anguita et al., 2021 preprint).
Thus, stembryos can be exploited to test how cell-intrinsic distinct
differentiation capacities can be tamed by modulating the cellular
environment, possibly providing insight into the constraints that
ensure robust ratios of the three germ layers in vivo (Fig. 1A-C).
Connecting fates, forces and flows: bridging local and global
scales in stembryos
In multicellular systems without fixed boundaries, including
mammalian embryos and stembryos, local changes in cell
behaviours, such as cell divisions or cell movements, inevitably
deform boundaries, which, in turn, can affect the internal
arrangements by producing and guiding forces (Collinet and
Lecuit, 2021; Lenne et al., 2021; Trepat and Sahai, 2018). These
forces can direct biochemical signalling and cell fate decisions
through, for example, mechanotransductive pathways (Chan
et al., 2017; Kumar et al., 2017; Vining and Mooney, 2017).
Concomitantly, the (de)formation of physical boundaries can reshape
the signalling landscape of stembryos by altering the apposition of
signalling and responding tissues (Busby and Steventon, 2021; Chan
et al., 2017; Kumar et al., 2017). Thus, cross-talk between
morphogenetic information at the local (cell) and global (tissue)
scales can have dramatic effects on patterning and global shape
(Fig. 2; Fig. 3). Whereas the complex microenvironment impedes a
detailed understanding of the feedback mechanisms in vivo,
stembryos offer a unique experimental assay to bridge the different
scales and dissect mechanochemical feedback loops governing
(st)embryo morphogenesis for two main reasons. First, the
possibility to control precisely the biochemical and biophysical


























Fig. 2. Bridging local and global
scales in stembryos. Stembryos
allow us to probe processes at multiple
scales (molecular, cellular and tissue-
level) to disentangle the genetic,
mechanical, biochemical and
geometrical inputs that shape the
(st)embryo. At the molecular level,
processes such as transcription,
protein synthesis, localisation,
secretion, molecular diffusion, inter-
and intracellular interactions and
regulatory networks define the
molecular state of the cells. Cellular
behaviour in terms of movement,
rearrangements and mechanical
coupling between cells that dictate
neighbour interactions translate into
macroscopic-tissue level properties
that are essential for deformations and




mechanisms holds the key to
reconstructing and deconstructing the
processes that underlie
morphogenesis. Schematic of the
mouse embryo adapted from Gritti
et al. (2021). Parts of the figure
generated using BioRender.
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imaging, can be leveraged to map how imposing in vivo-like
boundary conditions sculpt the stembryo across spatial and temporal
scales (Box 2; Fig. 2; Fig. 3). Second, stembryos are amenable to both
local and global perturbation, enabling the establishment of causal
relationships. In this section, we outline which existing methodology
should be implemented and complemented with new experimental




A combined understanding of the stresses in tissues and the material
properties that dictate the response to such stresses can help us
understand the mechanical basis of shape in stembryos. Methods
for stress measurements in living tissues are now mature enough
to map stress patterns in the stembryo (Campàs, 2016; Gómez-
González et al., 2020; Sugimura et al., 2016). Forces at different
length scales can be measured by laser ablation assays, with
the direction and velocity of recoil providing information on the
forces acting prior to ablation (Grill et al., 2001). However, this
method is destructive and therefore not suited for mapping
physical forces over time. An alternative is provided by
incorporating deformable microspheres, either soft polymeric
beads (Mohagheghian et al., 2018) or magnetic oil droplets
(Serwane et al., 2017), into tissues, a technique that has been
successfully used to map the stresses that act at cellular and supra-
cellular scales during zebrafish axial elongation (Kim et al., 2021;
Mongera et al., 2018; Shelton et al., 2021 preprint). In many
cases, understanding the response of tissues to stresses demands
the knowledge of the material properties of the tissue, which can be
inferred by measuring strain of the tissue under a known stress.
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Fig. 3. Comparative mapping of morphogenetic information modules across scales. Direct comparative analysis of stembryos with distinct degrees of
morphological complexity might provide insights into the design principles that convey embryo architecture. For example, as shown for TLS the addition of ECM
components (Matrigel) can concentratemorphogens and ECMproteins secreted by the stembryo at the structure-matrix interface (e.g. as observed for fibronectin
in TLSs; Veenvliet et al., 2020). In conventional gastruloids, these proteins would freely diffuse into the medium in the absence of a physical boundary.
Concomitantly, the formed ECM provides boundary conditions to produce and guide forces, impacting tissue stresses and resulting flows that, in turn, lead to
deformations that could trigger morphogen release, alter cellular interactions (e.g. by changing the apposition of signalling and responding tissues), and/or
feedback into local scales through nucleocytoplasmic shuttling of mechanotransduction proteins, affecting cell fate decisions. In addition, alterations in tissue
architecture might spatially constrain morphogen signalling, for example through entrapment of morphogens in formed lumen, or by restriction of receptor
localisation concomitant with the establishment of apico-basal polarity of somitic and neural cells. Note that, although only the feedback between the biochemical
and mechanical information modules is shown here, at various levels the loop feeds back into the genetic (e.g. mechanotransduction and signalling influencing
cell fate) and geometrical (tissue-scale deformations) information modules (see main text and Box 2 for more details).
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in stembryos, ranging from cellular to supra-cellular levels, such
as optical manipulation (Bambardekar et al., 2015), magnetic
actuation of droplets (Serwane et al., 2017; Mongera et al., 2018),
micropipette aspirations (Guevorkian et al., 2010), tissue
coalescence (Jakab et al., 2008; Oriola et al., 2020 preprint),
parallel plate compression (Forgacs et al., 1998) and axisymmetric
drop analysis (David et al., 2009).
Mapping cellular movements and tissue flows
Complementary to direct measurement of the forces, cellular
movements and tissue flows can be reconstructed by tracking cells
labelled with ubiquitous nuclear or membrane reporters in
stembryos live imaged in toto by multi-photon or light-sheet
microscopy (Anlas ̧ et al., 2021 preprint; de Medeiros et al., 2021
preprint; Hashmi et al., 2020 preprint; He et al., 2020 preprint;
McDole et al., 2018; Samal et al., 2020; Serra et al., 2019; Shah
et al., 2019). Whereas global tissue flows can be measured using
particle image velocimetry or optic flow (Hashmi et al., 2020
preprint), monitoring tissue-level movements at single-cell
resolution is still more challenging (de Medeiros et al., 2021
preprint; McDole et al., 2018; Shah et al., 2019). Here, the ease of
generating mosaic stembryos with a fully controllable percentage of
reporter-expressing cells will be useful to facilitate reliable tracking
of single cells. Importantly, live-imaging data of non-muscle
myosin can be employed to relate morphogenetic flow to the
patterns of force generation (Behrndt et al., 2012; Münster et al.,
2019; Streichan et al., 2018). However, the importance of
combining flow inference with experimental measurement of the
flow field was recently demonstrated in the Tribolium embryo, in
which a mismatch between the two could be resolved by predicting
a previously overlooked fixed boundary, which was experimentally
confirmed (Münster et al., 2019).
Defined modular matrices to disentangle biochemical and
biophysical inputs
Currently, induction of embryo-like architecture in stembryos relies
on the use of Matrigel; thus, biochemical and mechanical cues are
inevitably coupled (van den Brink et al., 2020; Veenvliet et al.,
2020). For instance, increasing matrix stiffness by using a higher
percentage of Matrigel also increases the concentration of growth
factors that are components of Matrigel (Hughes et al., 2010;
Vukicevic et al., 1992). Thus, to disentangle the mechanical and
chemical inputs, the use of 3D synthetic modular matrices, such as
polymeric hydrogels supplemented with chemical components, is
required to enable the tuning of biochemical (e.g. morphogen
gradients) and biophysical (e.g. stiffness) parameters separately
(Ashworth et al., 2020; Brassard and Lutolf, 2019; Gjorevski et al.,
2016; Ranga et al., 2016; Simunovic et al., 2019). In addition,
artificial sources of localised signals could be employed to
disentangle the contributions of mechanical and biochemical
inputs through spatial separation of the two sources. For example,
a patch ofWnt3a- or Dkk1-emitting cells can bias the location of the
T induction domain, which is otherwise determined by the contact
point of the EB with its surroundings, towards or away from the cell
patch, respectively (Sagy et al., 2019).
Active perturbation of architecture
As one of the most striking differences between embedded
and non-embedded gastruloids is their distinct architecture, direct
comparative analysis might unveil the impact of embryo-like
geometry on cell fate specification and behaviour (Fig. 3; Box 2).
Although this method is excellently suited to index changes
in forces, fate and form, it may prove challenging to dissect
cause and consequence. To this end, it is essential to actively
perturb the feedback loops between the morphogenetic information
modules governing (st)embryo architecture, by actively changing
geometry, for instance. This method has been successfully applied
to link form to forces and fate in 2D micro-patterned cultures
and mouse blastomeres (Blin et al., 2018; Lenne et al., 2021;
Muncie et al., 2020; Royer et al., 2020). Combining geometric
perturbation and measurement of cell movements with genetically
encoded fluorescent biosensors should, for example, enable
dissection of how geometry-guided tissue flows alter the
apposition of inducing and responding cells, or how geometric
changes are detected by mechanotransductive pathways, to
ultimately impact cell fate. Such a direct visualisation of the
feedback loop at all of its levels can bridge it from the global to the
local scale. Similarly, optogenetics can be employed to perturb
biochemical pathways with high spatiotemporal control at the local
scale, and study effects globally (e.g. Martinez-Ara et al., 2021
preprint).
Box 2. Catalogue of morphogenetic information modules
Cataloguing differences in the information modules harbouring
morphogenetic information (genetics, biochemistry, mechanics,
geometry) (Collinet and Lecuit, 2021) in stembryos with distinct levels
of morphological complexity can provide insights into the processes that
sculpt the (st)embryo (Fig. 3). Methods to map (e.g. single-cell RNA
sequencing) and manipulate (e.g. CRISPR-Cas9) the genetics module
are well-established. Comparative genomics can link distinct stembryo
architecture to transcriptional changes (Bérenger-Currias et al., 2020
preprint; Girgin et al., 2021a,b; Veenvliet et al., 2020). However, such
analyses should be complemented by a (comparative) inventory of
biochemistry and mechanics (Gorfinkiel and Martinez-Arias, 2021).
For example, in TLSs addition of ECM alters localisation, but not
expression level, of the ECM protein fibronectin (Fig. 3) (Girós et al.,
2011; Mole ̀ et al., 2020; Veenvliet et al., 2020), and in gastruloids the
developing gut primordia deposit and organise their own matrix
(Vianello and Lutolf, 2020 preprint). Matrix supplementation/deposition
might constrain morphogen diffusion by concentrating them in the
extracellular space (Fig. 3) (Rozario and DeSimone, 2010; Brizzi et al.,
2012). Lumen formation could entrap diffusible proteins (Durdu et al.,
2014; Shyer et al., 2015). Finally, induction of cell polarity might impact
receptor localisation (Etoc et al., 2016; Zhang et al., 2019; Veenvliet
et al., 2020) (Fig. 3). To explore these possibilities, readily accessible
methods to map and manipulate biochemical signals, such as
biosensors and bathing in small molecule inhibitors, should be
complemented with opto- and chemogenetics to achieve better spatial
and temporal control (Hartmann et al., 2020; Martinez-Ara et al., 2021
preprint; Mumford et al., 2020; Repina et al., 2019 preprint; Shiri et al.,
2019). Implementation of synthetic morphogen systems would provide
control of different morphogen parameters (Manfrin et al., 2019;
Stapornwongkul and Vincent, 2021; Stapornwongkul et al., 2020;
Toda et al., 2020; Zheng et al., 2019).
Architectural changes associated with manipulations of the cellular
environment likely impact flows, forces and force transduction (Fig. 3).
Theoretical work has attempted to understand shape changes in ECM-
embedded spheroids as a result of competition between interfacial
tension and forces exerted by the matrix (Parker et al., 2020 preprint).
Such physical boundaries and timely changes in their mechanical
properties contributes to shaping and patterning of the elongating axis in
vivo (avian: Kunz et al., 2021 preprint; Xiong et al., 2020; mouse:
Hiramatsu et al., 2013; Kyprianou et al., 2020; Matsuo and Hiramatsu,
2017; zebrafish: Mongera et al., 2018; Thomson et al., 2021).
Importantly, supra-cellular forces not only alter tissue shape, but also
drive cell shape changes, which in turn feed back onto tissue shape
(Sanematsu et al., 2021).
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Relating mechanical stresses to deformation and flows
Physical models and their computational implementation will be
essential in order to relate mechanical stresses to deformation
and flows (Dahl-Jensen and Grapin-Botton, 2017; Sharpe, 2017).
Several models have been proposed to describe tissue mechanics
(for a detailed overview of the use of such models in in vitro
systems, see Gritti et al., 2021). Agent-based models, either particle-
based or vertex models (Buske et al., 2012; Farhadifar et al., 2007;
Okuda et al., 2018; Thalheim et al., 2018), aim to explain
multicellular (higher length scale) phenomena based on
interactions between individual cells (smaller length scale).
Vertex models represent a large class of discrete models that
consider cells as individual objects and their mechanical interfaces
(reviewed by Fletcher et al., 2014). They are particularly suited for
relating local cell mechanics to tissue deformation, and are therefore
valuable to stembryogenesis. An important recent advance is the
ability to account for extracellular spaces, complex cell shapes and
tension fluctuations at cell-cell contacts in a fully dynamic vertex
model (Kim et al., 2021). This model reproduced many of the cell-
and tissue-scale behaviours that are experimentally observed during
zebrafish axial elongation, and revealed that tension fluctuations
control tissue rigidity phase transitions (Kim et al., 2021; Mongera
et al., 2018; Petridou et al., 2021).
Continuum models that consider the cell collectives as a
continuum material are likely to be more appropriate for
quantitative predictions about system behaviour and its dependence
upon changes in size, shape and boundary conditions. Although
these models primarily describe tissue-scale cell mechanics, an
equally rich body of work describes mechanics at (sub-)cellular
levels and they rely on modelling of molecular interactions. For
example, clutch models can explain cell movement and durotaxis by
accounting for substrate stiffness, adhesion proteins, myosin motors
and actin cytoskeleton that form the molecular basis of cell-substrate
interactions (Chan and Odde, 2008). At the sub-cellular level,
polymer network models describe and predict cytoskeletal properties
and nonlinear mechanical responses to compressive and tensile
stresses (Belmonte et al., 2017; Gardel et al., 2004; Wollrab et al.,
2018).
Bridging length scales
In order to understand how local changes in material properties
affect global changes and, in turn, feedback onto smaller length
scales, bridging length scales is pivotal (reviewed by Trepat and
Sahai, 2018). Limited, but promising, attempts to explain tissue
deformation as a result of changes in local properties have been
made in Drosophila through a combination of careful biophysical
measurements and genetic perturbations (Clément et al., 2017;
Lebreton et al., 2018). On the theoretical side, there have been
efforts to connect length scales through coarse-graining approaches
(Alt et al., 2017; Hannezo et al., 2014; Murisic et al., 2015). To date,
such efforts have been mostly limited to 2D epithelial tissues; it will
require concerted efforts of both experimentalists and theorists to
account for complex three-dimensional multicellular systems, such
as embryos and stembryos, which harbour cells in epithelial,
mesenchymal and transitory states, with extracellular spaces that
change dynamically.
Coupling of different timescales
Another crucial factor to account for is the coupling of different
timescales: the timescale for changes in microscopic properties (e.g.
cytoskeletal rearrangement, cell movement, expression of cell-
surface proteins) can affect the population level behaviour at a
different timescale. The dependence on molecular processes to alter
Table 2. The biophysicists’ toolbox
Tool Description
Rheological measurements Thesemethods typically require a force probe or an apparatus that can be used to deform the tissue and infer the material
properties based on measured force-deformation curve. Depending on the length scale of measurements, they can
probe the mechanics at local (atomic force microscopy, magnetic and optical tweezers for cellular deformation,
micropipette aspiration), as well as global (tissue) levels [laser ablations, aggregate fusion, microplate compression,
microdroplet (inert or magnetic) deformation; Campàs et al., 2014; Serwane et al., 2017]. For more detailed accounts,
we refer the reader to Sugimura et al. (2016) and Vianello and Lutolf (2019).
Kinematic measurements These measurements rely on observations of movement and shape changes within the native tissue to infer rheology of
the tissue and thus live imaging is central to these techniques. These can range from cell tracking, particle image
velocimetry, optical flow fields, spatial and temporal correlation of velocity field (Brillouin microscopy, traction force
microscopy, etc.). In the case of epithelial tissues, high-resolution images can be used to infer cellular contributions to
tissue deformation (Etournay et al., 2016; Merkel et al., 2017), and even relative magnitude of forces acting within and
between cells in 2D (under the assumption that the tissue is close to a state of mechanical equilibrium) (Chiou et al.,
2012). Förster resonance energy transfer (FRET) is another technique that serves as a visual sensor for the amplitude
of tension experienced by proteins in tissues. Ongoing efforts to make these methods applicable for stembryos
(especially at stages when there is no epithelium) are likely to lead to exciting new findings in the future. For a more
detailed account, we refer the reader to Lenne and Trivedi (2021).
Perturbation of boundary
conditions
This class of techniques serves to actively modify the shape, size and geometry of stembryos that can feed back into the
chemical and mechanical boundary conditions for the tissue. Examples of this approach can include patterned
microwells, allowing for manipulation of both the stiffness of the microwell substrate, as well as its physical dimensions
(Sagy et al., 2019), and embedding within specialised gels (hydrogels, Matrigel). Combined with microbead-
displacement imaging or traction-force microscopy, these techniques are also useful to infer the forces exerted by the
tissue on its surroundings. For a more detailed account, we refer the reader to Schauer and Heisenberg (2021).
Mathematical and computational
models
Ultimately, combining experiments with theoretical frameworks holds the key to gain a deeper understanding of the
mechanisms that govern pattern formation and sculpting in stembryos and, by proxy, embryos. As discussed in the
main text, mathematical models can capture a wide range of length scales depending on the context. They can model
mechanics or signalling, or both, and generate predictions that can guide insightful experiments. Recently, there have
been efforts to develop novel computational models that can incorporate the multi-modal (imaging and omics) data that
are becoming more readily available for stembryos (He et al., 2020 preprint; Torregrosa and Garcia-Ojalvo, 2021; Yang
et al., 2021 preprint). For more detailed reviews and perspectives, we refer the reader to Dahl-Jensen and Grapin-
Botton (2017), Gritti et al. (2021) and Sharpe (2017).
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intercellular connections within the tissue dictates the timescale for
tissue-level changes in terms of solid-like and fluid-like states
(Bénazéraf et al., 2010; Bi et al., 2015; Mongera et al., 2018;
Petridou et al., 2019; reviewed by Petridou and Heisenberg, 2019;
Lenne and Trivedi, 2021). In confluent monolayers, the relative
magnitudes of molecular-scale T1 delay [the time a cell needs to
execute the molecular processes for neighbour exchanges
(T1 transition)] and the cell-scale collective response timescale
render the tissue elastic-like or fluid-like and thereby dictate the
cellular patterns (Erdemci-Tandogan and Manning, 2021).
Incorporating gene regulatory networks in models of tissue mechanics
Finally, incorporating gene regulatory networks in models of tissue
mechanics, while still accounting for cell movements, requires
strong interactions between experimentalists and theorists.
Specialised theoretical tools need to be implemented depending
upon the concentration of the relevant molecules that form part of
the morphogenetic fields. The concentration of the chemical species
(or the number of activities/interactions) can be sufficiently high to
justify it as a continuous variable for modelling with differential
equations (Gierer and Meinhardt, 1972; Turing, 1952). This
approach has been used successfully in many different contexts
(Meinhardt, 2008), and can be combined with cell rearrangement
data to explain the appearance of gene expression domains (Fulton
et al., 2021 preprint). Alternatively, the relatively small absolute
number of chemical reactions renders the process noisy and
therefore stochastic modelling (Gillespie, 1977) has also been
used to model morphogen signalling (Barone et al., 2017).
Further considerations
Overall, bridging local and global scales in stembryos is an exciting
and much-needed research direction that builds on molecular
biology, engineering and physics (Gritti et al., 2021; Gupta et al.,
2021; Schauer and Heisenberg, 2021; Torregrosa and Garcia-
Ojalvo, 2021 preprint). It is, however, important to recognise the
limitations and the underlying assumptions of existing techniques.
First, most cells in conventional gastruloids do not display clear
epithelial organisation, thereby limiting immediate applicability of
several theoretical and measurement tools that have been used
successfully in, for example, Drosophila. Interestingly, such tools
may bemore readily applicable in TLSs, in which the majority of the
cells display clear epithelial organisation (Veenvliet et al., 2020).
When developing theoretical/computational models of the
stembryos, it also becomes essential to consider that the coupling
of timescales of changes in material properties and that of
deformation (i.e. response to stresses) in living matter can happen
quite distinctly from inert materials, in which the mechanical
properties are generally constant. Population level rheological
properties can be concomitant with changes in the tissue shape,
thereby making the predictions about tissue deformation
extremely non-trivial owing to the force field generated and
experienced by the constituent cells (Lenne and Trivedi, 2018).
Finally, transcriptionally similar cells in stembryos and embryos
may have different absolute mechanical properties, yet it is
conceivable that the relative property differences between such
cells and their environment facilitate similar pattern- and shape-
forming mechanisms.
Learning from variation: exploring the stembryo
morphospace
We have illustrated how the absence of in vivo constraints allows
stembryos to explore a broader spectrum of possible forms, and
how controlled addition of in vivo-like constraints can result in
morphologies more closely resembling (but not copying) the
embryo. This collection of possible morphological outcomes can be
conceptualised as a ‘morphospace’ (discussed for organoids
by Jabaudon and Lancaster, 2018; Ollé-Vila et al., 2016). In the
previous sections, we have presented experimental and theoretical
frameworks to pinpoint the developmental processes underlying
the distinct phenotypic outcomes triggered by controlled variations
of the cellular environment (e.g. addition of ECM components)
and/or known cell-intrinsic determinants (e.g. ESC genetic
background). However, in addition to experimentally induced
variation, stembryos, like many organoid systems, display natural
heterogeneity resulting in phenotypic variability (i.e. different
morphological outcomes despite identical culture conditions).
Identifying the causative developmental dynamics of such
spontaneous variation is useful, as it may reveal the (epi)genetic
and physical constraints that control and limit variability in vivo. For
example, TLSs generated in the same experiment can develop
unilateral, bilateral or no somites (Fig. 4A). Because bilaterality is
reproducibly achieved in the embryo, understanding what drives the
deviation of this ‘ground truth’ in stembryos can inform us about the
processes that ensure bilateral symmetry in vivo.
Identifying the developmental dynamics underlying variation by
backtracking bifurcation points
In order to harness phenotypic variability for extracting biological
information, two advantages of stembryos need to be combined:
statistical power and the possibility of automated real-time analysis.
Moreover, tools need to be developed that digitise the data and
define the parameters that describe the attractor states in phase
space (reviewed by Dahl-Jensen and Grapin-Botton, 2017). In
stembryo morphospace, the points at which small changes in the
cellular environment change the morphological outcome can be
conceptualised as bifurcation points. Identifying these bifurcation
points is important in order to track down the causes of phenotypic
variability (Fig. 4). We envision that automated arrayed platforms,
in combination with computer vision and machine-learning
approaches, can be employed to backtrack the bifurcation points
from the attractor states in stembryo culture systems (Lukonin
et al., 2020). The identification of the molecular, cellular and
morphogenetic processes that underlie the bifurcations, and are thus
predictive of the attractor states, will provide important insights into
the constraints that control the reproducible morphological outcome
in vivo (Fig. 4B).
Reaching similar attractor states through distinct developmental
modes?
It is important to remember that even in those cases in which the
morphological outcome of the process is reminiscent of an embryo
(i.e. an in vivo-like body plan with an axial neural tube flanked by
bilateral rows of somites), the stembryo may not necessarily employ
the same developmental mode to reach this state. In contrast,
stembryos may engage parallel but distinct modes that, nevertheless,
ultimately converge on the same body plan (Anlas and Trivedi,
2021). Employment of different developmental trajectories to
reach a similar morphological state has been observed in
Nematostella vectensis dissociation-reaggregation experiments,
whereby aggregates of dissociated gastrula cells use an alternative
developmental mode normally reserved for distantly related
members of the same phylum (Kirillova et al., 2018). Although
the manifold developmental trajectories engaged by stembryos to
achieve the same (or similar) body plan have not yet been identified,
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it is conceivable that the grand sum of developmental modes
engaged by stembryos to establish an in vivo-like body plan is a
mere reflection of the morphogenetic capacities of the cells given
the constraints they are faced with (or lack thereof ) (Box 1).
Defining the stembryo morphospace and understanding how
cellular ensembles reach the attractor states can thus teach us
important lessons about the developmental plasticity of embryonic
cells by unmasking what cells can do once in vivo constraints are
removed. This has already resulted in important lessons, such as the
apparent disconnect between genetic programmes and embryo
morphogenesis (Moris et al., 2021; Veenvliet and Herrmann, 2021).
To exploit this potential fully, it will be important to develop
frameworks that allow for in toto parallel recording of cellular
behaviour and state.
Further considerations
The phenotypic landscape of stembryos could be further broadened
(or possibly condensed) by experimental perturbations. For
instance, activation of WNT during the window of Matrigel
addition results in a phenotype otherwise not observed in TLSs,
with excess somites arranged as a ‘bunch of grapes’ (Dias et al.,
2014; Veenvliet et al., 2020). The accessibility and scalability of
stembryos makes them excellently suited to such chemical (but also
genetic and mechanical) modulations in high-throughput, followed
by multivariate feature analysis to obtain phenotypic fingerprints
and infer the regulatory genetic interactions, as recently achieved in
intestinal organoids (Lukonin et al., 2020). Adding a temporal
component to the multivariate feature profiling will be important,
especially in light of the finding that EBs do not develop
synchronously (Boxman et al., 2016). In fact, the developmental
time of stembryos (as opposed to culture time) may be an important
determinant of the mechanical and/or chemical competence of
cellular ensembles to external manipulations (e.g. CHIR pulse,
Matrigel addition). Moreover, adding the fourth dimension (time) is
essential to move beyond sole inference of regulatory genetic
interactions as drivers of phenotypic variation, and incorporate the
role of differential tissue mechanics.
Conclusions and final remarks
An important rationale of stembryogenesis is that the ‘bottom-up’
approach allows us to ‘understand the whole from its parts’
(Cornwall-Scoones and Zernicka-Goetz, 2021; Gritti et al., 2021;
Shahbazi et al., 2019). In this regard, a unique feature of stembryos
is that models with different degrees of morphogenetic complexity,
ranging from an elongated shape with established body axes but
compromised morphology to a TLS, can be generated from the
same starting material (i.e. pluripotent stem cell aggregates). As
such, stembryos represent deconstructed embryos, in which various
levels of architecture can be added by changing cell-intrinsic and
-extrinsic determinants, using the original gastruloid protocol as a
blank slate (Fig. 1). In addition, stembryos will be useful for
improving our understanding of the design principles thought
to be active in embryos (Fig. 3). As we have discussed, a
direct comparative analysis of stembryos with different levels of
morphological complexity may provide insights into the molecular,
cellular and morphogenetic processes that shape the stembryo
and, by proxy, the embryo. In addition, valuable insights may
come from studying the developmental dynamics driving
phenotypic variability; careful mapping of these routes not taken
during normal development will teach us the constraints that act
in vivo to ensure reproducible morphological outcomes and
may help us to devise methods to make spontaneous variation
controllable (Fig. 4).
To understand how (st)embryos take shape, we should move
away from the idea that the decoding of gene regulatory
programmes is sufficient to explain how cells form tissues. In
multicellular organisms, cells do not act as isolated units, but are
non-autonomous entities that integrate mechanical, biochemical and
geometrical inputs in a bi-directional communication with their
environment (Gorfinkiel and Martinez-Arias, 2021). Although
many aspects of embryo morphogenesis may be triggered by
genetic networks (programmed induction), most complex shapes
are subsequently achieved through self-organised propagation (see
discussion in Collinet and Lecuit, 2021). As we have discussed,
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Fig. 4. Exploring the stembryo morphospace. (A) Stembryos can settle into different molecular and morphological states. For example, TLSs can settle into
states with no somites, unilateral somites or bilateral somites at time c. The points at which small changes in the cellular environment have driven these distinct
morphological outcomes in phase space can be conceptualised as bifurcation points (time b), which can be identified by backtracking from the attractor states
(see main text). (B) Such retrospective analysis can identify the developmental dynamics driving variation, which can be used to: (1) infer new biology by
leveraging the variation leading to deviation of the embryo ground truth (for the example shown in A, ‘How is bilaterality reproducibly achieved in vivo?’); and (2)
make spontaneous variation controllable by identifying targetable sources of variation.
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organised tissue architecture, resulting in the robust sculpting of the
mammalian embryo. Hence, to understand the molecular, cellular
and morphogenetic principles that govern mammalian
embryogenesis, studying the embryo in toto across spatial and
temporal scales is pivotal. Indeed, such analysis has resulted in
important insights from tractable and optically accessible species,
such as Xenopus and zebrafish. However, the regulatory
programmes and repertoire of cellular behaviours driving
morphogenesis differ in mammalian embryos. For example, axial
elongation dynamics differ between mouse and zebrafish, possibly
related to differences in, for example, the landscape of mechanical
forces and the more extensive coupling of growth and
morphogenesis in mammalian embryos (Sambasivan and
Steventon, 2020; Steventon et al., 2016; Sutherland, 2016). Thus,
a detailed integrated analysis of mammalian post-implantation
embryogenesis is needed. Finally, to move from correlation to
causation, manipulating the feedback loop at the heart of embryo
morphogenesis at all levels is crucial, for which stembryos
provide a unique experimental platform. Importantly, a major
recent technological advancement achieving ex utero culture of
mouse embryos from pre-gastrulation to organogenesis stages could
allow for testing concepts emerging from stembryos in vivo,
even though throughput and accessibility is still limited compared
with stembryos (Aguilera-Castrejon et al., 2021). Altogether, the
recent advances in developmental engineering make the toolbox
previously reserved for organoids and non-mammalian species
applicable to the study of mammalian embryogenesis. Combining
this toolbox with recent advances in biomedical engineering,
imaging, image analysis, genomics and physical modelling will
provide an unprecedented understanding of the developmental
processes that sculpt the mammalian embryo in space and time.
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